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Optimization of carbon nanotube bundles containing a distribution of nanotube diameters always
gives structures with packing defects that form relatively large interstitial channels. Experimental data
for CH4, Ar, and Xe adsorption are compared with simulations. Low coverage experimental isosteric
heats are in excellent agreement with simulations of gases adsorbing into interstitial channels of
defective nanotube bundles, whereas adsorption onto perfect bundles does not agree with experiments.
Thus, an accurate description of adsorption on nanotube bundles must account for interstitial adsorption.
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homogeneous and heterogeneous bundles containing
45 nanotubes are shown in Fig. 1. Optimization of homo-
geneous bundles results in packing of the tubes into
perfect 2D hexagonal lattices, while optimized heteroge-
neous bundles always contain multiple packing defects
that give comparatively large ICs. This key result shows
that the basin-hopping method is capable of finding near-
global minima for tube packing, as is evident from the
hexagonal packing of homogeneous bundles. It also in-
dicates that real bundles must contain a number of pack-
ing defects that give rise to relatively large ICs. The
heterogeneous bundle in Fig. 1 contains 10 (8,8), 25
(9,9), 5 (10,10), and 5 (11,11) nanotubes, giving an aver-
age diameter of 12.4 A and a standard deviation of 1.2 A,
which is much smaller than the 2 A standard deviation
calculated from the detailed analysis of the types of
SWNT bundles used in many experiments [13]. We there-
fore expect our models to exhibit fewer defects than real
SWNT bundles.

We have performed grand canonical Monte Carlo
simulations [23] to study the adsorption of C~, Xe,
and Ar onto bundles of closed-ended SWNTs. The

Single-walled carbon nanotubes (SWNTs) are of inter-
est as gas adsorbents because of their unique structural
properties. Four different adsorption sites have been iden-
tified on bundles of SWNTs: internal (endohedral), inter-
stitial channels (ICs), external groove sites, and external
surfaces [1,2]. Experimental gas adsorption data on
SWNT bundles have previously been analyzed in terms
of an oversimplified model of homogeneous nanotubes
(all the same diameter) packed into perfect arrays. This
analysis has led to the general conclusion that gases do not
adsorb inside ICs [1,3]. Real SWNT bundles contain
SWNTs with a variety of different diameters (heteroge-
neous). Here we show that realistic nanotube bundles
exhibit packing defects resulting in large ICs. We use
atomistic simulations to compute adsorption of C~, Ar,
and Xe onto both homogeneous and heterogeneous
SWNT bundles. These simulations show that gases as
large as Xe do adsorb into defect ICs of heterogeneous
bundles. Reexamination of experimental data [3-12]
shows that heats of adsorption are in remarkably good
agreement with simulations of adsorption onto heteroge-
neous bundles and not with homogeneous bundles. Thus,
adsorption inside ICs of SWNT bundles is required to
accurately describe these materials.

It is well known that nanotube bundles contain a dis-
tribution of different nanotube diameters [13-17].
However, virtually all previous simulations and theoreti-
cal analyses of experimental data have assumed a perfect
array of homogeneous bundles. We have generated atom-
istic models of both homogeneous and heterogeneous
SWNT bundles containing from 45 to 100 tubes. The
tube diameters in the heterogeneous bundles were chosen
to resemble the diameter distributions measured in ex-
periments [16]. Homogeneous bundles were constructed
of (10,10) SWNTs, where n,m represents the indices
that define the nanotube diameter and chirality [18].
The initial positions of the nanotubes were chosen
randomly with the constraint that none of the tubes over-
lap [19]. The tube positions were optimized using the
basin-hopping method [20-22]. Examples of optimized

FIG. 1 (color online). Sample heterogeneous (left panel) and
homogeneous (right panel) bundles optimized by the basin-
hopping technique [20-22]. The red spheres represent ~
adsorbed in equilibrium with a bulk phase at 159.88 K and
0.05 bar.



Lennard-Jones potential was used to model fluid-fluid and
solid-fluid interactions. The parameters are 0" x = 3.4,
3.81, 3.4, and 4.1 A and ~x/k = 28, 148.1, 120, and
221 K, for x = C, C~, Ar, and Xe, respectively, where
k is the Boltzmann constant Lorentz-Berthelot combin-
ing rules were applied and the parameter values were
taken from the literature [1,24,25]. Binding energies
for the gases on graphite from the potentials (experi-
ments) are -114 (-12.2), -9.1 (-9.2), and -15.2
(-15.6) kJ mol-l for c~, Ar, and Xe, respectively. The
experimental data were reported by Vidali et aL [26tThe
excellent agreement between the model and experimental
data indicates that these parameters are a good first
approximation to the fluid-nanotube interaction potential.
Our molecular simulations confirm .the assumption that
CH4, Ar, and Xe do not adsorb into the ICs of homoge-
neous bundles (see Fig. 1). Simulations also show that all
heterogeneous bundles we have constructed contain large
ICs at packing defect sites that do allow adsorption of all
three probe molecules. For example, CH4 is shown to
adsorb in four interstitial defect sites in the left side of
Fig. I, while no interstitial adsorption is found for the
homogeneous bundle on the right

Experimental [5,7] and simulation isosteric heats of
adsorption (qsu data for CH4 are plotted in Fig. 2. The
coverage was computed from the known weight of the
sorbent and an estimated purity of 60% [8]. The inset
shows the low coverage region. This low coverage region
has been assigned to adsorption into the groove sites of
SWNT bundles [3,7]. The simulation data for groove site
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adsorption on homogeneous tubes give qst about 40%
lower than values from experiments. In contrast, qst
for adsorption in the ICs of heterogeneous bundles are
in good qualitative and quantitative agreement with

experiments.
One might argue that the nanotube-gas (solid-fluid)

interaction potential is not accurately known and that
qst for homogeneous bundles could be brought into agree-
ment with experimental data by adjusting the solid-fluid
potential. We have empirically increased the solid-fluid
potential to bring the low coverage qst from simulations
on homogeneous bundles into agreement with experi-
ment We found that the magnitude of the potential must
be increased by 45% to match experiments in the low
coverage region. Isosteric heat data for this system are
shown as triangles in Fig. 2. As can be seen from the
inset, the agreement at low coverage is excellent
However, at high coverage, corresponding to complete
monolayer formation on the external surface of the nano-
tubes, the simulated qst values are at least 25% too high
compared with experiments. In contrast, the monolayer
heats from both homogeneous and heterogeneous bundles
are in fairly good agreement with experiments. This
analysis suggests that the assumed solid-fluid potential
is relatively accurate and that only adsorption onto heter-
ogeneous bundles, including interstitial adsorption, is
consistent with experimental data.

Muris et aL [4] identified two steps in experimental
isotherms of CH4 adsorption on closed nanotubes,
one corresponding to low coverage and another to
high coverage. They estimated qst = 18.3 ::t I and
11.2::t 0.5 kJmol-1 for low and high coverages, respec-
tively. Talapatra and Migone [7] pointed out that the low
coverage data from Muris et aL corresponds to the inter-
mediate coverage range of their data, or around 0.01
C~/C in Fig. 2. Thus, the data of Muris et aL are in
good agreement with both the experimental data of
Talapatra and Migone [7] and our simulation data. The
high coverage datum from Muris and co-workers is like-
wise in good agreement with the highest coverage region
in Fig. 2 for simulations on heterogeneous bundles and
experimental data. Thus, qst values computed from ad-
sorption on heterogeneous bundles are in good agreement
with all available experimental data, while simulations on
homogeneous nanotubes are not consistent with the total-
ity of the data.

Isosteric heats for Ar on closed SWNT bundles have
been reported by Wilson et aL [9] and by Talapatra et aL
[12] over a range of coverages. We have assumed a purity
of 60% for these experiments, the same as in the studies
of Migone et aL [8], because the nanotubes in each of
these studies were obtained from the same source. The
isosteric heats for Ar from simulations and experiments
are plotted in Fig. 3. The experimental data from Wilson
et aL [9], shown as circles in Fig. 3, were derived from
isotherms at average temperatures around 90 K. The
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FIG. 2 Isosteric heats of adsorption for CH4 from experi-
ments [5,7] (circles) and simulations. The diamonds (squares)
are for adsorption onto heterogeneous (homogeneous) bundles.
The triangles are for a homogeneous bundle with the solid-fluid
potential increased by 45%. The inset shows the low coverage
region. The lines are drawn as a guide to the eye. The estimated
error bars for simulations are about the size of the symbols.
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FIG. 3. Experimental and simulated qst for Ar on SWNT
bundles. Circles and right triangles are experimental data
from Wilson et aL [9] and Talapatra et aL [12], respectively.
The diamonds (squares) are simulation data for adsorption onto
heterogeneous (homogeneous) bundles. The inset shows the low
coverage region.

FIG. 4. Xenon qst from experiments [8] (circles) and simu-
lations on homogeneous (squares) and heterogeneous (dia-
monds) bundles.

qst = -E" + akT where E" is the binding energy, a = 0.5
for 2D systems and 2 for ill systems [9], we find qst =
31.2 kJ mol-\ at 250 K, in excellent agreement with both
experiments from Zambano et aL [8] and our simulations
on heterogeneous bundles. Muris and co-workers mea-
sured qst = 15.7 kJmol-\ and Talapatra and Migone [6]
reported qst = 16.6 kJ mol-\ for coverages correspond-
ing to full monolayer completion. These values are in
reasonably good agreement with simulations on both the
homogeneous and heterogeneous bundles near monolayer
completion (not shown). This is to be expected, since the
external surfaces of the nanotubes are not sensitive to the
diameter distribution or packing defects in the bundles.

The overall agreement between simulations and experi-
ments clearly indicates that gases as large as Xe do adsorb
in the ICs that result from packing defects in real nano-
tube bundles. This finding contradicts a previous analysis
of experimental data and previous theoretical calculations
based on a model of SWNT bundles consisting of per-
fectly packed homogeneous nanotubes [1,3,7,8]. Plots of
qst at low coverage for C~, Ar, and Xe from experiments
show a measurable plateau region. This plateau directly
corresponds to adsorption in ICs in the simulations.
Simulations on a variety of different heterogeneous bun-
dles indicate that highly optimized bundles contain only a
few defect ICs that allow gas adsorption. Such bundles
have plateau regions that are more narrow than those
observed in experiments, while still giving values of qst
at the lowest coverages that agree with experiments. The
heterogeneous simulation data reported in this paper are
for a 45 nanotube bundle that is less optimized than that
shown in Fig. 1 and contains several more defect ICs. This
bundle was produced by making only a few optimization
steps in the basin-hopping method Simulations on highly

experimental data of Talapatra et aL [12], shown as right
triangles, cover a wider temperature range. The lowest
coverage data correspond to temperatures from about 110
to 160 K, while the high coverage data were measured
between 57 and 87 K The simulation data were collected
at 90 K We see from Fig. 3 that the data for heterogeneous
bundles are in very good agreement with both sets of
experiments. The values of qst from simulations on ho-
mogeneous bundles are not in good agreement with the
experimental data. The inset in Fig. 3 shows the low
coverage region. This region is dominated by interstitial
adsorption for the heterogeneous bundles, and the excel-
lent agreement between simulations and the data of
Talapatra et aL is evidence that interstitial adsorption
dominates the behavior of qst in the experiments at low
coverage. Simulations of homogeneous bundles give qst
values about 25% too low compared with experiments.

The heat of adsorption or binding energy of Xe on
closed SWNT bundles has been determined experimen-
tally by at least three different groups [3,8,10,11]. Only
one of these groups reported qst as a function of coverage
[8]. These data are plotted in Fig. 4 along with simulation
results at 250 K The experimental data are from iso-
therms over a range of temperatures from 210 to 295 K
at very low coverage. The agreement between simulations
and experiments is remarkable for the heterogeneous
bundles. The simulations on homogeneous bundles give
qst values about 40% too low. Talapatra et aL [3] report a
binding energy of -27.2 kJmol-l based on isotherms
from 220 to 295 K, in excellent agreement with that
measured from thermal desorption spectroscopy of
-27 kJmol-l at around 100 K [IO]"Using the formula



optimized bundles containing 100 nanotubes give plateau
regions in agreement with experimental data. This indi-
cates that either the SWNT bundles used in the experi-
ments contain more tubes than previously estimated
[11,13] or more defects than our highly optimized bun-
dles. The larger number of defects in real bundles may be
due to the larger standard deviation of nanotube diame-
ters observed in real bundles [13].

We observe from simulations that the groove sites on
homogeneous bundles also produce a plateau region in the
qst versus coverage plots (see Figs. 2-4). This plateau
region for groove site filling occurs at lower qst values
than IC filling of heterogeneous bundles. However, there
is no obvious plateau region corresponding to groove site
filling for the heterogeneous bundles for C~ and Ar (see
Figs. 2 and 3). This is because the groove site plateau
region is convoluted with adsorption that occurs in the
higher energy interstitial sites; i.e., qst for heterogeneous
bundles in the coverage range where groove sites are
filling is an average of contributions from some partially
filled ICs and some groove sites. While there is a distri-
bution of groove site binding energies, the distribution
appears to be quite narrow. We have observed that the
groove sites for both homogeneous and heterogeneous
bundles are very similar [27].
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